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In the present study, a friction-induced selective etching method was developed to produce nanostructures on
GaAs surface. Without any resist mask, the nanofabrication can be achieved by scratching and post-etching in
sulfuric acid solution. The effects of the applied normal load and etching period on the formation of the nanostructure
were studied. Results showed that the height of the nanostructure increased with the normal load or the etching
period. XPS and Raman detection demonstrated that residual compressive stress and lattice densification were probably
the main reason for selective etching, which eventually led to the protrusive nanostructures from the scratched
area on the GaAs surface. Through a homemade multi-probe instrument, the capability of this fabrication method
was demonstrated by producing various nanostructures on the GaAs surface, such as linear array, intersecting parallel,
surface mesas, and special letters. In summary, the proposed method provided a straightforward and more
maneuverable micro/nanofabrication method on the GaAs surface.
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Due to its direct bandgap and high electron mobility,
gallium arsenide (GaAs) has become one of the most
widely used compound semiconductor materials. For
instance, GaAs is the perfect substrate for quantum lumi-
nescent devices, such as photoelectric detector [1], high-
performance laser [2], quantum information processing
[3], and so on. Nevertheless, the precondition for realizing
these quantum devices is to grow quantum dots on certain
positions of substrate [4,5]. Thus, the controllable fabrica-
tion of the patterned GaAs substrate is a significant issue
of concern.
Many efforts have been made in producing patterned
GaAs substrate. As a prevalent technology, the photo-
lithography has been used for the fabrication on GaAs
surface [6]. However, the conventional photolithography
has the embarrassment in its resolution vs. cost, i.e., the
production cost will be much higher as the resolution is
improved [7]. Although the electron beam (EB) [8] and
focused ion beam (FIB) [9] lithography technology can
enable higher machining precision and finer resolution
patterning, these techniques are costly and complex,* Correspondence: linmao@swjtu.edu.cn
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in any medium, provided the original work is prequiring multiple-step processes [10]. In addition, an-
odic oxidation has been demonstrated the potential in
the creation of structures, patterns, and devices at the
nanometer scale [11], but the operation will be con-
trolled under rigorous environmental requirements, such
as applied voltage, suitable humidity, and so on [12].
Such processes can also bring contamination and impur-
ity onto the area fabricated [13]. In recent decades, the
proximal probe method based on the mechanical stamp
and scratching technique has been employed to produce
patterned GaAs substrate [4,14], but it is difficult, if not
impossible, to fabricate GaAs nanostructures with low
destruction by solely mechanical scratching. Therefore,
it is necessary to develop a straightforward and more
flexible fabrication method for the GaAs surface.
In the present study, a novel friction-induced micro/
nanofabrication method that consists of nanoscratching and
post-etching was presented to produce nanostructures on
GaAs. The effects of the applied normal load and etching
period on the formation of the nanostructure were studied.
Based on the X-ray photoelectron spectroscope (XPS) and
Raman spectra characterization, the fabrication mechanism
of the nanostructure was discussed. Finally, through a
homemade multi-probe instrument, the capability of this
fabrication method was demonstrated by producing variousOpen Access article distributed under the terms of the Creative Commons
g/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
roperly cited.
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intersecting parallel, surface mesas, and special letters.
Methods
Material
The GaAs (100) wafers, n-doped with Si, were purchased
from JMEM Electronic Materials, Ltd., Tianjin, China.
Using an atomic force microscope (AFM, SPI3800N,
Seiko, Tokyo, Japan), the surface root-mean-square (RMS)
roughness of the GaAs wafer was measured as 0.5 nm
over a 1 μm× 1 μm area. The crystal state of the GaAs
material was detected by the X-ray diffraction (XRD,
X'Pert, PANalytical, Almelo, Netherlands), showing that
the GaAs wafer was single crystal in (100) plane orienta-
tion. Before the fabrication, the GaAs wafers were ultra-
sonically cleaned with methanol and ethanol for 3 min in
turn, and successively rinsed with deionized water for
10 min to remove surface contamination.
Fabrication method
As shown in Figure 1, the maskless fabrication process
consists of scratching and post-etching. When the GaAs
surface was scratched by a diamond tip along the designed
traces, grooves can be generated on the scanned area. After
etching in H2SO4 aqueous solution, different protrusive
nanostructures can be produced in situ from the scratched
area on the GaAs surface. Scratching tests on the GaAs
surface were performed by a nanoscratch tester (CSM
Instruments, Peseux, Switzerland) or a homemade multi-
probe instrument [15]. The spherical diamond tips used








Figure 1 Schematic illustration showing the friction-induced selective etc
scratching a diamond tip under a normal load of Fn. (b) A protrusive nanoline wscratching tests, the specimens were dipped in a mixture of
H2SO4 aqueous solution (H2SO4/H2O2/H2O= 1:0.5:100)
for post-etching [16]. During scratching and post-etching,
the experimental temperature was controlled at 22°C and
the relative humidity varied between 50% and 55%. All the
AFM images of GaAs specimens were scanned by silicon
nitride tips (MLCT, Veeco Instruments Inc., Plainview, NY,
USA) with the spring constant k = 0.1 N/m in vacuum. The
morphology of GaAs surface patterns was observed by a
scanning electron microscope (SEM, QUANTA200, FEI,
Hillsboro, OR, USA).
XPS and Raman characterization
In order to investigate the mechanism of the friction-
induced selective etching process, the mesas with an area of
500 μm×500 μm and a height of 60 nm were prepared by
the homemade multi-probe instrument under a normal load
of 10 mN and post-etching for 30 min. The chemical state
of the fabrication area on the GaAs surface was detected by
an XPS (Thermo VG250, Thermo, Waltham, MA, USA).
The microstructure of the fabrication area on the GaAs sur-
face was measured using a Raman spectrometer (RM2000,
Renishaw, Gloucestershire, UK). The excitation was supplied
by the 514.5 nm Ar+ ion laser. To avoid the random error
in detection, each sample was scanned for three times.
Results and discussion
Fabrication of GaAs nanostructures
Effect of etching period on friction-induced selective etching
The etching period was found to show an obvious effect
on the fabrication of GaAs nanostructures. After scratchingt-etching
ratching
hing on GaAs surface. (a) A groove was formed on GaAs surface after
as created on GaAs surface after post-etching in H2SO4 aqueous solution.













Figure 3 Effect of etching period on the height of the
nanostructure on GaAs surface.
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groove with a depth of about 15 nm was created on
the GaAs surface. Subsequently, a protrusive nano-
structure was observed on the groove area after dip-
ping the specimen into H2SO4 aqueous solution for
5 min. Figure 2 showed the AFM images and cross-
sectional profile curves of the protrusive nanostructures
after scratching and post-etching. The variation of the
height of these protuberances with etching period was
plotted in Figure 3. It was observed that the height of
GaAs protrusive structure gradually increased from 12 to
94 nm with the increase in etching period from 5 to
60 min. Such results indicated that the etching rate of the
scratched area was much less than that of monocrystal-
line GaAs. The scratched area can act as an etching mask
in H2SO4 solution.
Effect of normal load on friction-induced selective etching
Aside from the etching period, the normal load also
reveals an effect on the fabrication of the GaAs surface.
As shown in Figure 4a, scratching tests were performed
on the GaAs surface under various normal loads ranging
from 0.5 to 30 mN. When the normal load was 0.5 mN,
there was no obvious scratching trace on the surface.
When the normal load was increased to 2 mN, a slight
groove with a depth of about 0.5 nm was formed on the
GaAs surface. However, when the normal load exceeded
10 mN, the scratching damage became severe and the
depth of the groove increased to 23 nm at 30 mN.
After etching in H2SO4 aqueous solution for 30 min,
there was no visible etching difference on the wearless
scratched surface, as shown in Figure 4b. However, the
protuberance piled up gradually from the groove area
when the normal load increased from 2 to 30 mN. There-
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Figure 2 Effect of etching period on fabrication of GaAs surface by scr
profiles (bottom) of the nanostructures were obtained after scratching under a
for 5, 15, 30, and 60 min, respectively.on the GaAs surface is 2 mN, under which the Hertzian
contact pressure Pc is estimated as 4.85 GPa [17,18].
Such contact pressure was very close to the critical
Hertzian contact pressure for the initial yield of GaAs
surface [19]. The height of those protuberances was
plotted in Figure 5. It can be seen that the height of
these protuberances increased with the normal load
during scratching. When the load was 30 mN, the
height of nanostructures could get to 75 nm. Since the
protuberance formed only in the wear area, the fabri-
cation mechanism could be related to the deformation
of the substrate induced by the mechanical interaction.
The detailed generation mechanism of the protrusive
nanostructures on the GaAs surface will be discussed
in the next section.ce (µm)
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atching and post-etching. The AFM images (top) and cross-sectional
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Figure 4 Effect of normal load on the fabrication of GaAs surface by scratching and post-etching. (a) AFM images of the scratches
created on the GaAs surface under various normal loads. (b) AFM images of the nanolines on the GaAs surface after etching in H2SO4 aqueous
solution for 30 min. The cross-sectional profiles were plotted below for the comparison.
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GaAs surface
Effect of surface oxide on the friction-induced selective etching
Extensive work has shown that various nanostructures
can be produced on monocrystalline silicon and quartz
surfaces by the friction-induced selective etching method
[20,21]. Guo et al. [22] suggested that both the tribo-
chemical reaction and the transmutation of crystal struc-
ture on the scanned area can result in friction-induced
selective etching. To investigate whether the tribo-













Figure 5 Effect of normal load on the height of the nanostructure
on the GaAs surface.of the GaAs surface, X-ray photoelectron spectroscope
was used to detect the possible change of chemical com-
position on the original surface, scratched surface, and
post-etching surface, respectively. The variation in the
bonding states of Ga was presented in Figure 6. On the
original surface, it was observed that there were two
Ga3d peaks, i.e., Ga-O (Ga2O3) bond at 20.05 eV and
Ga-As bond at 18.74 eV [23], which meant that a native
oxide layer existed on the sample surface. On the scratched














Figure 6 XPS analysis on chemical bonding states of Ga element.
The detection were performed on original surface, scratched surface,
and post-etching surface (scratched surface after etching) of GaAs,
respectively.


















Figure 7 Raman detection on GaAs surface. The spectra were
obtained from original surface, scratched surface, and post-etching
surface (scratched surface after etching), respectively.
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mask effect still existed and the signal of Ga-O was
very weak. Such little oxide may come from the natural
oxidation of GaAs surface during the period between
the finish of sample preparation and the start of XPS
detection. In addition, from the X-ray full spectrum of
GaAs before and after scratching, no other element or
chemical compound was found in the process of the
fabrication beside GaAs and its oxide. All these results
confirmed that only slight tribochemical oxidation oc-
curred on the GaAs surface during scratching. Since it
was reported that the oxide of GaAs has a higher solubil-
ity into H2SO4 solution than GaAs substrate [24], the
oxide layer may not play a role as etching mask. There-
fore, the scratch-induced structural deformation was ex-
pected to act as a mask during the generation of GaAs
nanostructures in H2SO4 solution.Effect of structural deformation on the friction-induced
selective etching
To verify whether the scratch-induced structural de-
formation occurred during the fabrication process, the
Raman detection was conducted on original GaAs sur-





Figure 8 Schematic picture showing fabrication mechanism of GaAs nshown in Figure 7, the Raman spectra of the original
GaAs (100) displays both a longitudinal optical (LO) pho-
non at 290.4 cm−1 and transversal optical (TO) phonon
at 267 cm−1 [25,26]. After scratching, the LO Raman
peak became wider and the positive frequency shift was
7 cm−1 compared to that on the original surface. When
the post-etching was finished, the LO Raman peak of the
mesa surface showed a negative shift of about 2 cm−1.
The shift and broadening of the peaks can be ascribed to
the structure disorder of GaAs lattice [27]. Moreover, the
positive frequency shift of LO phase is a typical character
of residual compressive stress. The higher the residual
compressive stress, the greater the density of crystal
structure [28,29]. As shown in Figure 8, the dense struc-
ture was expected to delay the diffusion of the etchant
into internal GaAs substrate, which reduced the etching
rate of the scratched area. Therefore, the dense structure
can act as a ‘mask’ in the friction-induced selective etch-
ing of GaAs. It should be noted that compared to solely
mechanical scratching, the GaAs nanostructures pro-
duced by the proposed method will have relatively lower
destruction.
Fabrication of surface pattern on GaAs surface
Based on the friction-induced selective etching method,
different patterns were produced on the GaAs surface by
a homemade multi-probe instrument [15]. Figure 9a dis-
played the linear array with the height of 200 nm and
width of 2 μm. The lower left inset in Figure 9a showed
the cross-sectional profile of the selected nanolines
(marked by line A-A’). In Figure 9b, when the scanning
traces were conducted, both on horizontal and vertical
directions, intersecting parallels GaAs pattern were pro-
duced after post-etching for 2 h. The height of the GaAs
nanolines was about 200 nm and the pitch width was
about 9 μm. Such pattern may shed new light in orderly
formation of the quantum dots or liquid drop in the
manufacture process of quantum devices [30]. Figure 9c
showed a 200 μm× 200 μm mesa array through continu-
ous scanning at a normal load of 10 mN and post-
etching for 1 h. In Figure 9d, the letters ‘SWJTU’ (short
for Southwest Jiaotong University) on GaAs surface was
‘written’ by the scanning program control. Therefore,
















Figure 9 SEM images of GaAs patterns fabricated by friction-induced selective etching. (a) Linear arrays, (b) intersecting parallels,
(c) surface mesas, (d) nanoletters ‘SWJTU’.
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period on the GaAs surface. It is suited for large scale
machining with more flexibility.
In summary, the present study proposed a friction-
induced selective etching method on GaAs surface. XPS
and Raman detection demonstrated that the residual
compressive stress and the lattice densification was the
main reason for the selective etching. Various patterns
can be created on a target GaAs surface. Without any
resist mask and applied voltages, this method provides a
straightforward and more maneuverable micro/nanofab-
rication method on the GaAs surface.
Conclusions
A friction-induced selective etching method was pre-
sented to fabricate nanostructures on GaAs surface. The
effects of normal load and etching period on the forma-
tion of nanostructures were investigated. The mechan-
ism for the selective etching was discussed based on the
XPS and Raman analysis. The main conclusions can be
summarized as below:
(1)Nanostructures can be created on the GaAs surface
after scratching and post-etching in H2SO4 solution.
The height of the nanostructures increasedgradually with the increase in applied normal
load or etching period.
(2)Based on the XPS and Raman detection, it was
found that the residual compressive stress and
lattice densification induced by the scratching
process were probably the main reason for the
friction-induced selective etching.
(3)Various nanostructures including line arrays and
nanopatterns can be produced on the GaAs surface
by the controlment of normal load, scanning trace,
and etching period. Without any resist mask and
applied voltages, the proposed method will open new
opportunity for the micro/nanofabrication of GaAs.
Abbreviations
AFM: atomic force microscope; EB: electron beam; FIB: focused ion beam;
GaAs: gallium arsenide; LO: longitudinal optical; RMS: root-mean-square;
TO: transversal optical; XPS: X-ray photoelectron spectroscope; XRD: X-ray
diffraction.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
PT, JG, and CS finished the fabrication experiments and acquired the original
data in this article. LQ and BY have made substantial contributions to the
conception and design for this article. All the authors read and approved the
manuscript.
Tang et al. Nanoscale Research Letters 2014, 9:59 Page 7 of 7
http://www.nanoscalereslett.com/content/9/1/59Acknowledgements
The authors would like to thank Prof. Zhiming Wang and Prof. Jiang Wu
from the University of Electronic Science and Technology of China for their
useful discussions. The authors are grateful for the support from the Natural
Science Foundation of China (91323103 and 51305365) and from the
Specialized Research Fund for the Doctoral Program of Higher Education of
China (20130184120008).
Received: 7 January 2014 Accepted: 28 January 2014
Published: 4 February 2014References
1. Wu J, Shao D, Dorogan VG, Li AZ, Li S, DeCuir EA, Manasreh MO, Wang ZM,
Mazur YI, Salamo GJ: Intersublevel infrared photodetector with strain-free
GaAs quantum dot pairs grown by high-temperature droplet epitaxy.
Nano Lett 2010, 10:1512–1516.
2. Warburton RJ: Single spins in self-assembled quantum dots. Nat Mater
2013, 12:483–493.
3. McNeil RPG, Kataoka M, Ford CJB, Barnes CHW, Anderson D, Jones GAC,
Farrer I, Ritchie DA: On-demand single-electron transfer between distant
quantum dots. Nature 2011, 477:439–442.
4. Taylor C, Marega E, Stach EA, Salamo G, Hussey L, Munoz M, Malshe A:
Directed self-assembly of quantum structures by nanomechanical
stamping using probe tips. Nanotechnol 2008, 19:015301.
5. Lee JH, Wang ZM, Liang BL, Black WT, Kunets VP, Mazur YI, Salamo GJ:
Selective growth of InGaAs/GaAs quantum dot chains on pre-patterned
GaAs (100). Nanotechnol 2006, 17:2275–2278.
6. Gao L, Hirono Y, Li MY, Wu J, Song S, Koo SM, Kim ES, Wang ZM, Lee J,
Gregory J, Salamo GJ: Observation of Ga metal droplet formation on
photolithographically patterned GaAs (100) surface by droplet epitaxy.
IEEE T Nanotechnol 2012, 11:5.
7. Chou SY, Keimel C, Gu J: Ultrafast and direct imprint of nanostructures in
silicon. Nature 2002, 417:835.
8. Morita N, Kawasegi N, Ooi K: Three-dimensional fabrication on GaAs
surfaces using electron-beam-induced carbon deposition followed by
wet chemical etching. Nanotechnol 2008, 19:155302.
9. Martin AJ, Saucer TW, Rodriguez GV, Sih V, Millunchick JM: Lateral
patterning of multilayer InAs/GaAs(001) quantum dot structures by in
vacuo focused ion beam. Nanotechnol 2012, 23:135401.
10. Grenci G, Pozzato A, Carpentiero A, Sovernigo E, Tormen M:
Nanofabrication of hard X-ray optics by metal electroplating in a dry
etched mechanically stable inorganic template. Microelectron Eng 2011,
88:2552–2555.
11. Baumgärtel T, von Borczyskowski C, Graaf H: Detection and stability of
nanoscale space charges in local oxidation nanolithography.
Nanotechnology 2012, 23:095707.
12. Avouris P, Hertel T, Martel R: Atomic force microscope tip-induced local
oxidation of silicon: kinetics, mechanism, and nanofabrication. Appl Phys
Lett 1997, 71(2):285–287.
13. Song HZ, Usuki T, Ohshima T, Sakuma Y, Kawabe M, Okada Y, Takemoto K,
Miyazawa T, Hirose S, Nakata Y, Takatsu M, Yokoyama N: Site-controlled
quantum dots fabricated using an atomic-force microscopy assisted
technique. Nanoscale Res Lett 2006, 1:106–166.
14. Hyon CK, Choi SC, Song SH, Hwang SW, Son MH, Ahn D, Park YJ, Kim EK:
Application of atomic-force-microscope direct patterning to selective
positioning of InAs quantum dots on GaAs. Appl Phys Lett 2000, 77:16.
15. Wu ZJ, Song CF, Guo J, Yu BJ, Qian LM: A multi-probe micro-fabrication
apparatus based on the friction-induced fabrication method. Front Mech
Eng 2013, 8(4):333–339.
16. Hendrickson J, Helfrich M, Gehl M, Hu D, Schaadt D, Linden S, Wegener M,
Richards B, Gibbs H, Khitrova G: InAs quantum dot site-selective growth
on GaAs substrates. Phys Status Solidi C 2011, 8:1242–1245.
17. Song CF, Li XY, Yu BJ, Dong HS, Qian LM, Zhou ZR: Friction-induced
nanofabrication method to produce protrusive nanostructures on
quartz. Nanoscale Res Lett 2011, 6:310.
18. Fang TH, Chang WJ, Lin CM: Nanoindentation and nanoscratch
characteristics of Si and GaAs. Microelectron Eng 2005, 77:389–398.
19. Taylor CR, Malshe AP, Salamo G, Prince RN, Riester L, Cho SO:
Characterization of ultra-low-load (μN) nanoindents in GaAs (100) using
a cube corner tip. Smart Mater Struct 2005, 14:963–970.20. Sung IH, Yang JC, Kim DE, Shin BS: Micro/nano-tribological characteristics
of self-assembled monolayer and its application in nano-structure
fabrication. Wear 2003, 255:808–818.
21. Song CF, Li XY, Yu BJ, Dong HS, Qian LM, Zhou ZR: Maskless and
low-destructive nanofabrication on quartz by friction-induced
selective etching. Nanoscale Res Lett 2013, 8:140.
22. Guo J, Song CF, Li XY, Yu BJ, Dong HS, Qian LM, Zhou ZR: Fabrication
mechanism of friction-induced selective etching on Si (100) surface.
Nanoscale Res Lett 2012, 7:152.
23. Suedu-Bob CC, Saied SO, Sullivan JL: A X-ray photoelectron spectroscopy
study of the oxides of GaAs. Appl Surf Sci 2006, 183:126–136.
24. Ghidaoui D, Lyon SB, Thompson GE, Walton J: Oxide formation during
etching of gallium arsenide. Corrosion Sci 2002, 44:501–509.
25. Zardo I, Yazji S, Marini C, Uccelli E, Morral AF, Abstreiter G, Postorino P:
Pressure tuning of the optical properties of GaAs nanowires. ACS Nano
2012, 6(4):3284–3291.
26. Gotoshia SV, Gotoshia LV: Laser Raman spectroscopy of phase
transformation in GaAs induced by radiation defects. Phys Status Solidi C
2013, 4:646–649.
27. Pizani PS, Lanciotti F, Jasinevicius RG, Duduch JG, Porto AJV: Raman
characterization of structural disorder and residual strains in
micromachined GaAs. J Appl Phys 2000, 87:1280.
28. Attolini G, Francesio L, Franzosi P, Pelosi C, Gennari S, Lottici PP: Raman
scattering study of residual strain in GaAs/InP heterostructures. J Appl
Phys 1994, 75:4156.
29. Champagnon B, Martinet C, Boudeulle M, Vouagner D, Coussa C,
Deschamps T, Grosvalet L: High pressure elastic and plastic deformations
of silica: In situ diamond anvil cell Raman experiments. J Non-Cryst Solids
2008, 254:569–573.
30. Kiravittaya S, Heidemeyer H, Schmidt OG: Growth of three-dimensional
quantum dot crystals on patterned GaAs (001) substrates. Phys E 2004,
23:253–259.
doi:10.1186/1556-276X-9-59
Cite this article as: Tang et al.: Maskless micro/nanofabrication on GaAs
surface by friction-induced selective etching. Nanoscale Research Letters
2014 9:59.Submit your manuscript to a 
journal and beneﬁ t from:
7 Convenient online submission
7 Rigorous peer review
7 Immediate publication on acceptance
7 Open access: articles freely available online
7 High visibility within the ﬁ eld
7 Retaining the copyright to your article
    Submit your next manuscript at 7 springeropen.com
